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Silver foil psychrometers were used to monitor water potential in dif-
ferent portions of maize leaves which were subjected to temperature gradients. 
The psychrometers were preliminarily calibrated over standard NaCl solutions 
at temperatures ranging from 5° C to 45° C in an aluminum plate apparatus de-
signed to provide uniform temperatures within each psychrometer even while 
overall temperature was changing. Based on the calibrations, empirical tern -
perature correction equations were derived and used to correct psychrometer 
readings at different temperatures to equivalent values at 25°C. Temperatures 
on a single maize leaf were varied by placing the long leaf through an insulated 
box with several compartments in each of which the temperatures could be 
separately varied by passing warm or cold air through the compartment. As 
many as five psychrometers were attached to the leaf to monitor water poten-
tials along the leaf. Although there was some variation, water potentials tend 
vii 
to become lower (more negative) toward the tip of the leaf; the gradient was 
steeper in moisture stressed plants, Raising or lowering the temperature of 
proximal and mid portions of leaves between 10°c and 45°c had no measure-
able influence on the water potentials of more distal leaf parts. In the heated 
portions themselves, the water potential after correction for temperature, 
was higher while in cooled portions it was lower. 
(32 pages) 
INTRODUCTION AND REVIEW OF LITERATURE 
The most frequent and devastating of environmental factors which affect 
crop yield is drought. Although large areas of the world are affected by drought, 
water for irrigation is increasingly in short supply. In the United States the use 
of water is expected to quadruple in the next 50 years (4). Agriculture currently 
consumes more water than do all the other users of water combined (6). 
Agriculture can remain productive only if it uses water efficiently. High 
efficiency involves the use of a minimum amount of water to maintain vigorous 
crop growth. The exact water status of a particular crop is hard to evaluate be­
cause of large differences in soil characteristics and seasonal and daily variation 
in rainfall. The most promising approach to the evaluation of crop water status· 
is to determine the water status of the plants directly, to interpret the moisture 
status in terms of the physiological behavior of the plant and to add water only 
when a yield-inhibition water status is reached. 
Slayter and Taylor (12) used thermodynamics to describe Gibbs free energy 
of water in soils and plants. Water, like heat, is best described in terms of its 
potential energy, defined (13) as the capacity to do work relative to the work capa­
city of pure, free water. Slayter and Taylor (12) used the term potential (\J) for 
this energy and suggested that it be expressed in units of bars (1 bar = 100 joules/ 
kg) (3, 16). The water potentials of plants are usually negative, with drier condi­
tions being represented by more negative values. Water movement in plants is 
• 
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determined by gradients in the free energy of water and, consequently, water 
potential is directly related to the driving force for water. 
Water potential of plants is determined by three types of forces (12): 
where \J is the total water potential. \T is the osmotic component which reduces 
the chemical free energy of a solution as a function of the presence of dissolved 
substances in the solution. V is the matric component which reduced the water 
potential as a function of capillary or colloidal adsorptive forces by soil par-
ticles, cellular colloides and cell wall. \TP is the pressure component which may 
raise or lower the water potential depending on whether the molecules are sub-
jected to pressures above or below atmospheric pressure. 
Thermocouple Psychrometer 
Any closed system containing water and air at a constant temperature will 
achieve a state of equilibrium in which the concentration of water in vapor phase 
is determined by the free energy of the liquid phase. When water is held in a 
porous medium by capillary forces or when ion solutes are present in solution 
the equilibrium relative humidity is less than saturation and is a measure of the 
differences in specific chemical potential of the water and that of pure water at 
the same temperature (11, 15). This difference is termed water potential and 
may be expressed as follows: 
\J = �T ln pPo 
where \J is the water potential, R is the ideal gas constant, T is the absolute 
temperature, V is the volume of the mole of water and !
0 
is the relative 
humidity. 
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The design of a thermocouple psychrometer to measure high relative 
humidities was first described by Spanner (14) who used the Peltier-effect to 
cool a small thermo- junction below the dew point of the ambient air in a 
chamber containing leaf tissue. The junction then formed a wet bulb whose de­
pression of temperature below the ambient temperature, measured with a 
microvolt meter, was almost directly proportional of leaf water potential. 
Many varients of this system were developed. A theory of the Spanner psy­
chrometer was published by Rawlins (8). 
Use of the thermocouple psychrometer to measure water potential in 
the field has been impeded by the temperature sensitivity of early versions of 
the thermocouple psychrometer (7). Rawlins and Dalton (9) and Rawlins, et 
al. (10) showed that a Peltier-effect psychrometer could be operated success-
fully in a nonisothermal environment. General applications of thermocouple 
psychrometers for measurement in situ of plant water potentials have been 
discussed by Brown (3). With the advancement in design of thermocouple psy­
chrometers and the understanding of temperature effect of water potential readings 
we are now able to vary temperature over different portions of a plant and measure 
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the changes in water potential caused by temperature gradients. The psy-
chrometer described by Hoffman and Rawlins (5) has overcome temperature-
induced errors in water potential measurements by being small enough and con-
structed of metal with sufficiently high thermal conductivity to follow the normal 
temperature fluctuations of an exposed leaf. 
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MATERIAL AND METHODS 
Corn plants (Zea mays) were grown in the greenhouse in 5 gallon pots. 
The plants were kept at seasonal day length and moisture content of soil was at 
or near field capacity. The corn plants when approximately 16 weeks old were 
transferred from the greenhouse to a walk-in grown chamber. Plants were 
maintained on a 16 hour day and 600 foot candles. The soil was allowed to dry 
during each experiment, and irrigated near the conclusion. 
The thermocouple psychrometer used was of the silver foil type with 
some modifications (5). The silver half-washers were affixed to the silver 
disc with epoxy. A 2. 5 cm square of styrofoam, 1 cm thick, was attached to 
the back of the psychrometer to reduce rapid temperature fluctuations (Figure 
1). The psychrometers were attached to the under side of the leaf by a method 
described by Hoffman and Rawlins (5) using balsa wood holders to position the 
psychrometers on the leaf (Figure 1). 
Calibration of the psychrometers was accomplished by an original pro-
cedure. The psychrometers were placed on filter paper just barely saturated 
with a solution of KCl with a known osmotic potential (16). The combination of 
psychrometers and filter paper were wrapped in waterproof plastic film and 
placed on a 3 mm aluminum plate to provide for even heat distribution and again 
wrapped in plastic. The psychrometer package was surrounded on all sides by 
s i de 
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FigurP 1, Desip-n of sil ver-foi J psychromP.tPr and an example of attachment of ·,sychrcmetPr t<:, leaf. 
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2 cm of foam rubber and styrofoam, and secured by wood holders and weights 
to insure good contacts of the psychrometers to the filter paper. The psychro-
meters were calibrated over a range of both stable and changing temperatures 
(16) . 
Empirical equations based on the above calibrations used in the calcu-
lations of water potential are: 
(A) Water Potential, Psychrometric 
uV 
25 
= uV Tp + O. 3 (25- T) 
V = (uV25 - 0. 5) 
fp 
(B) Water Potential, Dew Point 
uV 
25 
= uV TD+ 0. 18 (25 - T) 







where (uV T) microvolt reading at sample temperature, (uV 25) microvolt read-
ing corrected to 25° C, (T) temperature at which the reading was taken, (f) cor-
rection factor particular hygrometer read. Subscripts (p) refer to (uV) reading 
and (f) values for psychrometric procedure, subscripts (D) for dew point process. 
The dew point and the psychrometric methods were employed to measure 
the microvolt output from the thermocouple psychrometers attached to leaves. 
The dew point method is a new procedure developed by Wescor, Inc., Logan, 
8 
Utah and is implemented in their HR 33 Dew Point Microvoltmeter. The funda-
mental principle upon which the dew point thermocouple method is based is the 
fact that the junction is held at the dew point temperature of the chamber. 
Commercial sample chamber psychrometers were used to measure 
water potential of the soil samples (Wescor, Inc., Logan, Utah). These psy-
chrometers were calibrated by a procedure outlined by Wiebe et al. (16). 
The apparatus used to raise and lower temperatures above that of am-
bient temperature is diagrammed in Figure 2. The pumps (standard 1 1/2 horse 
electrical pumps) pumped room air into pressure equalizing tank with a regu-
lator valve and three outlets. Air from one outlet was heated by a wire coil in 
a glass tube and the temperature was regulated by a rheastat. Cooling below 
the ambient temperature was accomplished by passing air through coils sub-
mursed in an ice water bath. The leaf chamber was constructed of styrofoam 
and partitioned into three compartments with an air inlet valve into each com-
partment. Warmed, ambient or cooled air could be introduced into any of the 
three chambers, or switched from one to another at will. There was an air ex-
haust opening at the top of each compartment (Figure 3). By selecting a corn 
leaf that would extend through all three compartments it was possible to maintain 
temperature gradients on different portions of the leaf. In this way a portion of 
the leaf could be maintained below the ambient temperature while in another com-
partment the temperature was above the ambient. Temperature gradients as 
great as 30° C could be maintained between compartments. 
cooling 
u n i t 
heating 
u n i t 
corn plant 
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Data was collected from two experiments. In the first experiment four 
psychrometers were attached to the leaf. They were affixed at positions 2, 3, 
4, and 5 on the leaf (Figure 3). Initially, the plant was under slight moisture 
stress. Readings were taken periodically throughout the 6 day run of the experi­
ment. In the second experiment 5 psychrometers were affixed to the leaf at posi­
tions 1 through 5 (Figure 3). Readings were also taken periodically for 8 days. 
12 
RESULTS 
The data obtained in the two experiments will be reported separately and 
conclusions drawn from both experiments will be interpreted in the discussion 
section. 
Experiment I 
The results from this experiment are presented in Table 1 and Figure 4. 




C. Temperature increases above the ambient consistently caused
increases (less negative) of water potential of those portions of the leaf affected 
by the temperature change. When the temperature was lowered below the am­
bient the water potentials were decreased (more negative). An example of these 
changes in water potential are illustrated by psychrometer 3, day 5, Figure 4. 
The temperature was lowered to 15
° 
C which caused a decrease in water potential. 
The temperature was then raised to 55
° 
C which caused an increase in the water 
potential of that portion of the leaf. The temperature when lowered below the am­









c. Some positive water potentials were calculated when a portion of the




C above the ambient and the reading 
was corrected to 25
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6,6 6,4 .91 .57
4,8 5,1 +1,8 + ,28 
+2,7 1,8 4,3 2,8 
+2,7 1,9 5,5 3.5 
9,3 8,0 +7,7 +1,8
9,1 8,2 +5,7 + ,14
3,9 4,9 + ,91 ,42
3,4 4,8 +1.6 ,42
4,1 4,9 !. ,23 ,85
11,1 9.0 +2,5 .99
11,5 9,2 +4,1 ,28
+2,3 2,2 9,0 5,2
+2,7 3,4 8.4 4,7
+3,4 2,2 8,2 4,8 
+1,3 3,4 6,1 4,0
7,3 8,5 ,23 1,6 
9,5 10,9 + ,23 1,6
10,4 11,5 2,7 3,8 
9.8 11,4 1,8 3,4 
14,1 14,5 1,1 3,7 
14,3 15,4 2,0 4,1 
5,9 10,0 ,23 3,3 
6,1 11,2 ,46 3,7 
9,5 11,; ,68 3.8 
10,5 12,3 1,1 3,5 
11,8 13,2 ,68 4,2 
9.3 12,2 1,8 4,5 
6,8 8,6 2,5 4,4 
8,4 8,4 3,9 4,8 
13,2 13,0 3,9 4.5 
13,2 12,9 3,9 4,6 
13,2 13,0 3,6 4,4 
2,5 7.3 3,2 4,6 
,91 5,1 2,7 4,8 
+3,4 1,5 2,0 3,7 
+ ,23 6,6 2,0 4,4 
,23 6,3 2,3 4,2 
12,0 13,6 3,4 5,5 
9.5 9,9 5,2 5,4 
7,7 8,2 5,0 5,2 
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Figure 4. Dew point and psychrometric water potential measurements from Experiment I 
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By sequential changes in temperature above and below the ambient 
temperature it was possible to get apparent changes in water potential as much 
as 15 bars in 1 hour. This rapid change in water potential was confined to that 
portion of the leaf subjected to the temperature variation. Water potential of 
distal leaf portions showed only slight nonsignificant changes as proximal por-
tions of leaves were warmed, cooled or both. Such changes were within the 
random variation of successive readings. 
Throughout the experiment the water potential of the tip was consistent-
ly lower than that of the other positions on the leaf. Water potential of the tip 
was also more affected by drought conditions than the base; consequently, when 
the plant was irrigated on day 4 the tip recovered substantially more as com-
pared to the base. The other positions on the leaf showed signs of recovery al-
so, with the extent of the recovery inversely related to their proximity to the 
base. This is consistent with the theory that water movement in plants is de-
termined by gradients in free energy of water and, consequently, water potential 
is directly related to the 1driving force for water (7). 
It should be noted that there were inverted water potential gradients along 
the leaf at 0800 on day 2 with lower potentials in the proximal position than in the 
more distal position. These gradients were also detected on days 3, 4, 5 and 
6 at 0800. These gradients may be due to callibration problems which we have 
not overcome. 
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At the end of day 6 the psychrometers were removed from the leaf 
and the leaf was examined for damage. The leaf had some small necrotic 
areas along the margin of the leaf which were not correlated with the psychro-
meter position. The leaf was examined a few days after the conclusion of the 
experiment and it appeared to be maintaining a healthy growth pattern; the psy-
chrometers and balsa splints had not caused any apparent injury to the leaf. 
Experiment II 
The results from this experiment are found in Figure 5. Water poten-
tial measurement (psychrometric \Jp and dew point \Jn) are again corrected to 
25°C. As in Experiment I, the temperature was raised above the ambient caus-
ing the reduction of water potential (less negative). The duration of the increase 
above the ambient temperature was prolonged in this experiment. The effects 
of this prolonged treatment were quite evident. At the initiation of the heat 
treatment the water potential of the leaf changed rapidly in the positive direction. 
But after prolonged treatment the water potential returned to its normal level 
(Example: psychrometer 2, day 6). 
Lowering the temperature below the ambient was also extended in Experi-
ment IL By treating the leaf with temperatures below the ambient the water po-
tential was decreased (more negative). With prolonged treatment using colder 
temperatures the water potential of the leaf also returned to near normal condi-
tions (Example: psychrometer 2, day 3). The number of treatments in which the 
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Figure 5. Dew point and psychrometric water potential measurements from Experiment II 
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temperature was lowered was reduced in this experiment because of apparatus 
malfunction. 
The water potentials measured in Experiment II are considerably lower 
than Experiment I. The plant was under severe drought conditions and the 
leaves curled. 
The plant was irrigated after day 7 and did show some signs of recovery 
before the experiment was terminated. The plant was observed 3 days after the 
conclusion of the experiment and the plant overall was in poor condition as a re-
sult of extended water stress. 
Soil Water Potential 
Soil for water potential measurements were taken at random in Experi-
ment I and Experiment II. The results of these measurements are given in 
Table 2.. Soil water potential measurements were above (less negative) the 
water potential measurements of the leaf. 
Table 2. Water potential measurements of soil from Experiments I and 
II at 25°C 
Day Time (Up) 
Experiment I 1 1400 -1. 8 
2 1500 -3.1 
3 1400 -7.1 
4 ll00 -8.7 
4 1530 -9.8 
Experiment II 3 1430 -6.9 
4 1400 -6.9 
5 1330 -7.8 












7 0800 -13.3 -12.4 
DISCUSSION 
Raising the temperature in Experiment I above the ambient caused an 
apparent increase in water potential in that portion of the leaf affected by the 
temperature change. A good example of this is psychrometer 3, day 2, 
20 
Figure 4. Before treatment the ambient temperature was 30°C and was then 
increased to 42°c at the initiation of the treatment. This 12°c increase in tem-
perature caused the calculated water potential of that portion of the leaf to change 
from -4. 8 bars to a +2. 7 bars or a net change of 7. 5 bars. Other treatments 
where the temperature was raised gave comparable results. 
Experiment II was designed to show the extended effect of temperature 
gradients of leaf positions. The temperature was raised to 43°C for a 24 
hour period. This temperature is 1s0 c above the ambient temperature (psy-
chrometer 3, day 6, Figure 5). After the leaf position had been subjected to the 
higher temperature, readings were taken and it was found that the water potential 
of that position had become less negative. After successive readings it was found 
that the water potential of that position was returning to the level at which it had 
maintained before the treatment. 
When the temperature was lowered below the ambient the water potential 
was decreased (more negative). An illustration of this is psychrometer 3, day 3, 
Figure 4. The temperature was lowered to 14°c below the ambient which caused 
the water potential to drop a net of 7 bars. Prolonged treatment by temperatures 
below the ambient gave comparable results as stated above. Initially, the 
water potential became more negative but after a couple of hours the water 
potential was returning to a more positive potential. 
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It should be noted that an increase in temperature of 12° C caused a 
change of 7. 5 bars and a decrease in temperature of 14°C, a change of 7 bars. 
Other treatments show similar results. This indicates that temperature fluc-
tuations well above or below the ambient have the same net results on calcu-
lated leaf water potential. 
The mechanism for the apparent rapid changes in water potential in 
that portion of the leaf affected by temperature gradients is unclear at the pre-
sent time. The changes may be due to rapid movement of water in and out of 
the area effects by the temperature fluctuations. Evidence for this movement 
of water is that water potentials in adjacent leaf positions did show some cor-
responding changes also. As one position became more positive an adjacent 
section became more negative. This was not the case in all treatments, but a 
significant number did show this result. When a position on the leaf was being 
subjected to a temperature fluctuation above or below the ambient the water 
potential of the leaf tip was not affected. This shows that temperature fluctua- -
tions do not effect water movement through the leaf. 
Prolonged treatments by temperatures above and below ambient indicate 
that it takes time for the leaf position to adjust to the new thermal environment 
and for the metabolic rate to adjust to its new water potential (1, 2). The reason 
for this may be that the metabolic pathways and rate of metabolism are 
effected by the water stress (1, 2). 
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It should be noted that when the temperature is raised above the ambient 
the deflection of the microvolt meter off zero is increased 10 times. While a 
temperature below the ambient does not effect the deflection off zero. All 
other conditions were constant, which indicates that by increasing temperature 
increases in respiration and metabolism in turn this may have some effect on 
water potential. 
Temperature gradients along the wire and in the body of the psychrometer 
may account for some of the jumps in the water potential of the leaf. There also 
may be gradients in the container which surround the leaf. The above mentioned 
themes may be the cause for the positive water potential which were calculated 
during the experiment. 
Irrigation had a marked effect on the magnitude of the water potential 
jumps. As the experiments proceeded the corn plants' water potential became 
more negative. At the same time the magnitude of the water potential jumps 
were reduced as the water potential became more negative. After irrigation 
the water potential of the corn plant was decreased and the magnitude of the jump 
increased. This indicates that the water potential jumps are related to avail-
ability of water in the leaf. 
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SUMMARY 
Silver foil psychrometers were used to monitor water potential in dif-
ferent portions of maize leaves which were subjected to temperature gradients. 
The psychrometers were preliminarily calibrated over standard NaCl solutions 
at temperatures ranging from 5° C to 45° C in an aluminum plate apparatus de-
signed to provide uniform temperatures within each psychrometer even while 
overall temperature was changing. Based on the calibrations, empirical tern-
perature correction equations were derived and used to correct psychrometer 
readings at different temperatures to equivalent values at 25°c. Temperatures 
on a single maize leaf were varied by placing the long leaf through an insulated 
box with several compartments in each of which the temperatures could be 
separately varied by passing warm or cold air through the compartment. As 
many as five psychrometers were attached to the leaf to monitor water poten-
tials along the leaf. Although there were some variations, water potentials 
tend to become lower (more negative) toward the tip of the leaf; the gradient was 
steeper in moisture stressed plants. Raising or lowering the temperature of 
proximal and mid portions of leaves between 10°c and 45°C had no measureable 
influence on the water potentials of more distal leaf parts. In the heated portions 
themselves, the water potential ·~fter correction for temperature, was higher while 
,'i:-
in cooled portions it was lower. 
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